To assess the condition of the retina in children with retinal degeneration due to Bardet-Biedl syndrome (BBS, n = 41), Leber congenital amaurosis (LCA, n = 31), or Usher syndrome (USH, n = 13), the dark adapted visual threshold (DAT) and arteriolar diameters were measured. Compared to controls, the initial DATs of nearly all (83/85) were significantly elevated, and in 26/62 with serial DATs, significant progressive elevation occurred. Arteriolar diameters were significantly attenuated and narrowed with age in BBS and USH, but not LCA. Higher DATs were associated with narrower arterioles. Such non-invasive procedures can document the natural history of these retinal diseases and have the potential to assess response to future treatment.
Introduction
The retinal degenerations of Leber congenital amaurosis (LCA), Bardet-Biedl syndrome (BBS), and Usher syndrome (USH) present to the clinician in infancy and early childhood because of conspicuous visual deficits or systemic features. Marked visual impairment at an early age is the hallmark of disorders within the spectrum of LCA. In Bardet-Biedl syndrome, polydactyly, obesity, and genitourinary anomalies are non-ocular features that may bring the child to the physician even if the retinal degeneration has not yet caused visual symptoms. Deafness, problems with balance, and delayed walking call attention to the more common forms of Usher syndrome. With realistic possibilities for novel treatments of these blinding conditions on the horizon (http://www.visionresearch-conference.elsevier.com/index.htm), measurements that can be used to quantify the natural course of these retinal degenerations during childhood and measure outcome of treatments are needed.
In the retina, the mutations causing BBS, LCA, and USH, primarily effect the photoreceptors, pigment epithelial cells, or both (Katsanis, 2004; Koenekoop, 2004; Kremer, van Wijk, Marker, Wolfrum, & Roepman, 2006; Lotery et al., 2001; Morimura et al., 1998; Mykytyn et al., 2002; Nishimura et al., 2001; Reiners, Nagel-Wolfrum, Jurgens, Marker, & Wolfrum, 2006) . Electroretinographic (ERG) activity, which is very sensitive to dysfunction of photoreceptors, is often used to diagnose retinal degeneration, and has a place as an outcome measure in trials of experimental therapies . However, at the time of diagnosis, ERG activity in some of the early onset retinal degenerations is markedly compromised and may even be non-detectable. This is typical in LCA and not uncommon in BBS and USH.
Thus, ERG monitoring of the natural course of these degenerations may be problematic. Furthermore, other outcome measures such as perimetry and tests of dark adapted visual thresholds usually depend on the performance of instructable subjects (Roman et al., 2005) .
Measurement of the dark adapted visual threshold (DAT) using a preferential looking procedure has been used for several decades to obtain reliable and valid measurements in infants and young children with retinal degeneration (Fulton & Hansen, 1983a , 1983b Fulton, Hansen, & Glynn, 1993; Fulton, Hansen, & Mayer, 1996) . The DAT depends primarily on photon capture by the photoreceptors as well as post-receptor processes, and often DATs are readily measurable even if ERG responses are markedly attenuated (Fulton & Hansen, 1983a , 1983b .
The caliber of the retinal arterioles is an indicator of the overall metabolic status of the retina (Grunwald, Maguire, & Dupont, 1996; Penn, Li, & Naash, 2000) . In advanced retinal degeneration, the metabolic activity of the retina is low and the retinal arterioles are very thin. Herein, we have used image analysis (Martinez-Perez, 2001; Martinez-Perez et al., 2002; Martinez-Perez, Hughes, Thom, Bharath, & Parker, 2007) to measure the diameter of the retinal arterioles in the fundus photographs of children with BBS, LCA, and USH. Our purpose is to demonstrate the feasibility of monitoring the natural course of retinal degenerative conditions even during early childhood.
Methods

Subjects
Eighty-five subjects were studied. Across all groups (BBS, LCA, USH) the median age at the first DAT was 5 years (range: 2 months to 26 years). Of the 85 subjects, 23 had only one DAT (BBS, 7; LCA, 9; USH, 7). In the LCA group, 3 had no light perception (NLP) at the first visit (Fulton et al., 1996) . The other 62 had, on average, 4 (range: 2-15) DATs spanning one to 18 years. Among those with two or more measures, 42/62 had DATs followed for at least 4 years (BBS 26/34, LCA 14/22 USH 2/6).
As the molecular bases for each of these conditions were discovered, DNA testing was offered; mutations were identified in 25 subjects. In subjects without mutations, the diagnosis was secured by clinical criteria. In addition to retinal degeneration, those children with BBS displayed at least two of the other four cardinal features of the syndrome: polydactyly, obesity, genitourinary anomalies, and cognitive disability. Children with LCA but without molecular diagnosis were included only if there was a documented history of visual impairment in infancy, marked attenuation of ERG responses, and the absence of systemic abnormalities; each was free of developmental issues beyond early delays that were judged attributable to marked visual impairment. In addition to signs of retinal degeneration, children with USH had hearing impairment documented in infancy, and most reported clumsiness and delayed walking. This study was approved by the Children's Hospital Committee on Clinical Investigation and adhered to the tenets of the Declaration of Helsinki.
Dark adapted threshold 2.2.1. Stimuli
Two 500 W tungsten sources (Sylvania DAY/DAK, 3200 K) were used to present 50 ms duration, short wavelength (Wratten 47B, k < 510 nm), 10°diameter spots on a rear projection screen. Stimuli were presented either 20°to the right or left of a central, 30 min arc diameter red fixation light flickering at approximately 1 Hz (Fulton & Hansen, 2000; Hansen, Fulton, & Harris, 1986) . Stimulus intensity was controlled by calibrated neutral density filters. Calculation of the scotopic troland value of the stimuli was based on the subject's measured pupillary diameter and luminance measurements made with a calibrated photodiode and scotopic filter (IL 1700, International Light, Newburyport, MA) placed at the position of the subject's eyes.
Procedure
Thresholds were determined using a two-alternative, forced-choice method. A ''fix and then flash'' procedure, which allowed stimulus location on the retina to be specified, was used (Fulton & Hansen, 2000; Hansen et al., 1986; Schneck, Hamer, Packer, & Teller, 1984) . The results of control experiments in adults indicated that the observer could reliably detect a horizontal deviation of 2°or more from the fixation target (Hansen & Fulton, 1995) . After 30 min of dark adaptation, the subject sat, or was held by a parent, 50 cm from the rear projection screen and viewed the screen binocularly. In these subjects, the retinal disease was symmetrical; ophthalmoscopic appearance of the retinas and ERG results were similar for right and left eye.
The fixation target attracted the subject's gaze to the center of the screen. An adult observer, used an infrared viewer to watch the subject. When the observer reported that the subject was alert and looking at the center, the experimenter extinguished the fixation light and presented a test flash. The observer was unaware of the right-left position of the test flash. Based on the subject's head and eye movements, the observer reported stimulus location, right or left, and received feedback from the experimenter after each response. Older children pointed to the stimulus, right or left, and received feedback after each response. Thresholds were determined using a transformed up-down staircase that estimated the 70.7% correct point on the psychometric function (Wetherill & Levitt, 1965) . In normal subjects (n = 26; median 21 years; range 18-43 years) the mean threshold is À3.9 (SD = 0.12) log scotopic troland seconds (Fulton & Hansen, 2000) . Thresholds obtained using the rapid staircase procedure agree well with those obtained using the more rigorous method of constant stimuli (Fulton & Hansen, 1991) .
Arteriolar diameter
Thirty-seven of the 85 subjects had fundus photographs taken using the IMAGEnet 2000 LITE R-2.09 Digital Imaging System (Topcon Corporation, Tokyo, Japan) at a resolution of 3008 · 2000 pixels. Peripapillary arteriolar diameter was calculated using Retinal Image multiScale Analysis 4 (RISA) (Gelman, Martinez-Perez, Vanderveen, Moskowitz, & Fulton, 2005; Martinez-Perez et al., 2002 . Photographs of 20 healthy control subjects (median age 24 years; range 7-66 years) were also obtained and analyzed.
The fundus images of each subject were reviewed and the best quality image showing the optic nerve head and peripapillary retinal vasculature was selected for analysis (Fig. 1a) . Radial venules and arterioles were identified, and an arteriole adjacent to the optic nerve head was prepared for analysis. A length of arteriole approximately equal to the diameter of the optic nerve head was cropped (Fig. 1b) . The following steps of RISA were performed: segmentation, skeleton extraction, selection of vessel root, and tracking (Gelman et al., 2005; Martinez-Perez et al., 2002 . Diameter is the total area of the cropped vessel divided by its length. One to 3 (median 2) arterioles were analyzed for each image, and the average diameter (pixels) was determined.
On these images, the horizontal and vertical diameter (pixels) of the optic nerve head were measured and averaged. Arteriolar diameter was expressed as a proportion of diameter of the optic nerve head and converted to microns assuming that the average diameter of the optic nerve is 1800 lm ( 
Statistical analysis
The initial thresholds of the BBS, LCA, and USH subjects were compared to the prediction interval derived from previously reported thresholds in healthy controls (Fulton & Hansen, 2000) . The prediction interval gives the values expected in the normal population (Whitmore, 1986) . Threshold elevation and arteriolar diameter of BBS, LCA, USH, and control groups were compared using analysis of variance.
To determine whether an individual's thresholds changed, we calculated the variability of thresholds following the method of Berson, Sandberg, Rosner, Birch, and Hanson (1985) . In this sample, nineteen subjects with BBS had thresholds measured within a 1 year interval (median 10 months; range: 0.04-12 months). The difference between the threshold at first and second visit was calculated. The standard deviation of these difference scores was 0.27 log unit. Thus, the 0.5 and 99.5 percentiles of the distribution of difference scores are (Berson et al., 1985) AE2:576 Ã ffiffi ffi 2 p Ã SD Accordingly, if threshold elevation increased by 0.98 log unit or more, the patient's disease was said to be progressing (Fulton et al., 1993) . Test-retest reliability for the DAT was evaluated for 23 subjects in the present sample. The intraclass correlation coefficient was 0.96. Eight healthy controls (median age 28 years; range 17-66 years) had TopCon photographs taken and a second TopCon photograph taken within a week of the first. Test-retest reliability for the arteriolar diameters derived from TopCon photographs was 0.97 (intraclass correlation).
The data were analyzed using SPSS 14.0 for Windows (SPSS Inc., Chicago, Illinois).
Results
The initial thresholds in nearly all subjects with BBS, LCA, and USH were elevated above the normal mean (Fig. 2) ; only two subjects with retinal degenerations had initial thresholds within the 99% prediction interval for normal. The thresholds of the subjects with retinal degenerations differed significantly from those in normal controls (F = 32.7; df 3, 104; p < .001). The initial threshold elevation did not vary significantly with category of retinal degeneration (Tukey HSD). The greater the age the greater the threshold elevation in BBS subjects (r = .56; p < .01); the BBS subjects had the largest span of age at the first DAT. Among the LCA and USH groups, initial threshold elevation did not vary significantly with age. Fig. 3 shows dark adapted thresholds for each diagnostic group as a function of age. Some subjects with BBS and LCA had progressive elevation of threshold; that is, threshold elevation increased by more than 0.98 log unit. Among Fig. 1 . Sample digital fundus photographs and steps in RISA. (a) Sample images from a control subject and subjects with BBS, LCA, and USH are shown. An arteriole from the USH image is selected for analysis (square). (b) The cropped image is segmented, the vessel skeleton extracted, the root identified (arrow), and the vessel tracked and measured. The diameter of the measured segments 1 and 2 is 41% of the control mean. Fig. 2 . Elevation of the initial dark adapted threshold above the normal mean threshold for subjects with BBS, LCA, and USH. Each patient's DAT is represented by the closed symbols. The short horizontal bars are the mean for each group. The small open circles represent the thresholds of 26 normal control subjects. The normal mean threshold at zero corresponds to À3.9 log scotopic troland seconds (Fulton & Hansen, 2000) . The dashed lines represent the upper and lower limits of the 99% prediction interval for normal DAT.
all BBS subjects with longitudinal DATs (n = 34), 18 had progressive elevation of the DAT during the period of observation. In most, the progression occurred within a period of four years. Although all subjects with LCA had thresholds outside the normal interval at the first test, only 8 of 22 with longitudinal data showed significant progression. With the possible exception of one subject who was unavailable for testing between ages 4 and 11 years, LCA progression occurred within a period of 4 years. All of the USH subjects (n = 13) had significant threshold elevation at the first test, but none had significant worsening of threshold.
Arteriolar diameters of the diagnostic groups (BBS, LCA, USH) and controls are compared in Fig. 4 . All but two subjects with retinal degenerations had arteriolar diameter less than the normal mean. Six had diameters below the 99% prediction interval for normal (Fig. 4) .
Analysis of variance showed arteriolar diameter in subjects with retinal degeneration is significantly narrower than in controls (F = 16.1; df 3, 59; p < .001), but does not vary with patient group, BBS, LCA, or USH (Tukey HSD). The greater the age, the narrower the arteriolar diameter in subjects with USH (r = .91; df 5; p < .01) and in subjects with BBS (r = .45; df 16; p < .05). Among subjects with LCA, arteriolar diameter did not vary significantly with age.
Thirty-six subjects with retinal degeneration had DAT and fundus images recorded within a year of each other. As shown in Fig. 5 , higher threshold elevations were signif- (Fulton et al., 1996) . The mutations of LCA subjects are indicated: CRB1 (triangles), RPE65 (circles), and RPGRIP (squares). The horizontal dashed lines represent the upper and lower limits of the 99% prediction interval for normal dark adapted thresholds. Zero on the Y-axis corresponds to the average dark adapted threshold of 26 normal control subjects (À3.9 log scotopic troland seconds). Fig. 4 . Arteriolar diameter of subjects with BBS, LCA, USH, and of normal control subjects. Mean arteriolar diameter of each group is represented by the short horizontal line. The solid line is the mean value for the 20 control subjects; the horizontal dashed lines represent the upper and lower limits of the 99% prediction limit of normal. Assuming that the average diameter of the optic nerve is 1800 lm (Cheung et al., 2007; Hellstrom and Svensson, 1998) , the mean arteriolar diameter of controls is 90 lm. icantly associated with narrower arterioles (r = À.404, df 35, p < .05).
Discussion
In these children with retinal degeneration, the dark adapted visual thresholds and arteriolar diameters differed significantly from those in healthy controls, but the magnitude of the abnormality did not vary with diagnosis, Bardet-Biedl syndrome, Leber Congenital Amaurosis, or Usher Syndrome (Figs. 2 and 4) . In BBS, the threshold elevation increased with age. In BBS and USH, arteriolar diameter decreased with age. Across all three groups (BBS, LCA, USH) threshold elevation and arteriolar diameter were significantly associated. In BBS and LCA, significant progression was demonstrated in a substantial portion of the subjects who had longitudinal threshold data. Thus, the dark adapted threshold and arteriolar diameter should be considered feasible and valid for assessment of the status of the retina in children with retinal degeneration.
The determination of progression, or lack of progression, was limited by the paucity of observations in infancy and lack of follow up into adulthood. As illustrated by the examples in Fig. 3 , progressive threshold elevation occured in infancy and early childhood in some individuals with BBS and LCA (Fulton et al., 1993 (Fulton et al., , 1996 . It could not be determined from the data whether those with BBS and USH who were stable from childhood into adolescence (Fig. 3) had experienced rapid, unobserved progression in infancy, or if they would suffer further decline as they approached adulthood, as has been reported in other patients with these diagnoses (Fulton et al., 1993 (Fulton et al., , 1996 Galvin, Fishman, Stone, & Koenekoop, 2005) . Rapid progression in infancy would motivate early treatment in an attempt to preserve as much retinal function as possible. The period of relative stability (Fig. 3 ) at 1-3 log unit threshold elevation could be viewed as a ''window of opportunity'' before further worsening of retinal function. It is also important to note that the period of stability (Fig. 3) was naturally occurring, without any intervention, and thus is important to distinguish from therapy induced stabilization of a disease process.
The thresholds register function of photoreceptor and post-receptor retinal cells in selected, small patches of retina. All conditions under study, BBS, LCA, and USH, cause degeneration of the photoreceptors. Thus, as the photoreceptor disease progresses one might presume that photon capture is reduced, which contributes to the observed elevation of the thresholds. Additionally, when the photoreceptors' inputs to the post-receptor cells are altered, consequent reorganization of the post-receptoral retina will occur (Jones & Marc, 2005) . Based on observations of acute desferoxamine toxicity on rods and postreceptor retina, the reorganizing response of the inner retina takes place over months (Lu, Hansen, Cunningham, Eklund, & Fulton, in press ). This reorganization may temper the progressive elevation of the dark adapted threshold, as it did in the patient with acute toxicity. Further psychophysical studies of the functional organization of the retinas in these subjects with markedly attenuated ERG responses could be informative as they have been in the common forms of retinitis pigmentosa (Alexander, Derlacki, Fishman, & Peachey, 1991; Hood & Greenstein, 1990; Jacobson et al., 2000) .
Mechanisms that may lead to attenuation of the retinal vasculature include thickening of the extra-cellular matrix around the retinal vessels, waning oxygen demands of degenerating photoreceptors, and decreasing distance of the retinal vasculature from the swift-flowing choroidal circulation. The latter would result in relative hyperoxia of residual retinal tissue which, through auto-regulation, would lead to decreases in the caliber of the retinal vessels (Grunwald et al., 1996; Penn et al., 2000) . These mechanisms are not mutually exclusive. Our data do not distinguish which of these mechanisms, if any, were operative in the children with retinal degeneration. It may well be that each mechanism has some role in determining the diameter of the retinal arterioles. It has been demonstrated that the retinal vasculature of patients with retinitis pigmentosa auto-regulates, at least in response to ambient hyperoxia (Grunwald et al., 1996) . In a mouse model of dominant retinitis pigmentosa, the vascular attenuation was reversed by exposure to ambient hypoxia (Penn et al., 2000) . We comment that abnormal pigmentation was sparse in many of the children's retinas and thus a cuff of pigmented extracellular matrix around the retinal vessels, as seen in a mouse model of dominant retinitis pigmentosa (Penn et al., 2000) , may not be an important mechanism for narrowing of the children's retinal vasculature.
Because arteriolar narrowing increased with age in BBS and USH, mechanisms that involve progressive compromise of neural structure and function, both receptor and post-receptor, appear plausible. Arteriolar diameters of the subjects with LCA had no significant decrease with age, but the age range over which these observations were made was shorter than in those with BBS and USH.
To our knowledge, the present study is the first quantitative analysis of retinal vasculature in children with retinal degenerations. The prediction interval for normal arteriolar diameter is large (Fig. 4) , and will limit the accuracy of arteriolar diameter as a diagnostic tool. However, as higher resolution images and enhanced software become available, more precise specification of vascular characteristics, even in infants and young children, is anticipated.
The two measures, dark adapted visual threshold, which can be done by a preferential looking method, and arteriolar diameter, are readily obtained in pediatric subjects and thus allow assessment of retinal status even in those instances in which ERG responses are markedly attenuated. For ''diagnosis'' of progression, or in the future, response to treatment, a combination of tests can improve accuracy of diagnosis (Harper & Reeves, 1999) . Perimetry, qualitative appraisal of fundus photographs, and the various psychophysical assessments of visual sensitivity that are possible in instructable subjects may all have their place in some older children with BBS, LCA, and USH. Specialized measurements, such as autofluorescence (Scholl et al., 2004) and OCT (optical coherence tomography), which may be difficult in youngsters with poor vision, have provided important information about the status of the retina in subjects with LCA, and thus may also have their place in the assessment of childhood retinal degenerations.
The dark adapted threshold and arteriolar diameter are two tests that show promise for tracking children's retinal diseases, and as we look toward the future, monitoring the efficacy of treatment of these diseases.
